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Objective: To investigate the potential immunologic and anti-
inflammatory effects of hypertonic saline plus dextran (HSD) in
hemorrhagic trauma patients.
Background: Unbalanced inflammation triggered by shock has
been linked to multiorgan dysfunction (MOD) and death. In animal
and cellular models, HSD alters the inflammatory response to shock,
attenuating MOD and improving outcome. It remains untested
whether HSD has similar effects in humans.
Methods: A single 250-mL dose of either HSD (7.5% NaCl, 6%
dextran-70) or placebo (0.9% NaCl) was administered to adult blunt
trauma patients in hemorrhagic shock. The primary outcome was to
measure changes in immune/inflammatory markers, including neu-
trophil activation, monocyte subset redistribution, cytokine produc-
tion, and neuroendocrine changes. Patient demographics, fluid re-
quirements, organ dysfunction, infection, and death were recorded.
Results: A total of 27 patients were enrolled (13 HSD) with no
significant differences in clinical measurements. Hyperosmolarity
was modest and transient, whereas the immunologic/anti-inflamma-
tory effects persisted for 24 hours. HSD blunted neutrophil activa-
tion by abolishing shock-induced CD11b up-regulation and causing
CD62L shedding. HSD altered the shock-induced monocyte redis-
tribution pattern by reducing the drop in “classic” CD14�� and the
expansion of the “pro-inflammatory” CD14�CD16� subsets. In
parallel, HSD significantly reduced pro-inflammatory tumor necro-
sis factor (TNF)-� production while increasing anti-inflammatory
IL-1ra and IL-10. HSD prevented shock-induced norepinephrine
surge with no effect on adrenal steroids.
Conclusions: This first human trial evaluating the immunologic/
anti-inflammatory effects of hypertonic resuscitation in trauma pa-

tients demonstrates that HSD promotes a more balanced inflamma-
tory response to hemorrhagic shock, raising the possibility that
similar to experimental models, HSD might also attenuate post-
trauma MOD.

(Ann Surg 2006;243: 47–57)

Hemorrhagic shock following civilian trauma is an impor-
tant contributor to the morbidity and mortality in this

patient population.1 The body’s early response to traumatic
injury and hemorrhage is characterized by an excessive innate
immune activation and by an overwhelming inflammatory
reaction.2 Research findings suggest a strong link between
immune dysfunction and post-traumatic complications such
as multiorgan dysfunction (MOD) and sepsis.3–5 Regulated
inflammatory responses are generally considered a beneficial
host response to injury,6 while post-traumatic hyperinflam-
mation and ensuing immune incompetence are considered to
be maladaptive and often auto-destructive.2

One of the fundamental principles applied to the man-
agement of hemorrhagic shock is the early administration of
fluid and blood products to correct the deranged hemody-
namic status. Crystalloid solutions have generally been con-
sidered first-line therapy. However, recent evidence suggests
that isotonic crystalloid solutions may actually aggravate the
immune dysfunction.7 By contrast, a number of experimental
studies reveal that hypertonic solutions have favorable im-
munomodulatory effects on hemorrhage/resuscitation-induced
leukocyte activation.4,8–11 For example, data derived from
both in vitro human leukocyte studies as well as animal
models of hemorrhagic shock found that hypertonicity de-
creases neutrophil activation/adherence,12–16 stimulates lym-
phocyte proliferation,17 inhibits pro-inflammatory but stimu-
lates anti-inflammatory cytokine production by monocyte/
macrophages,8,18–22 and reduces hormone secretion.23,24 In
the in vivo setting, hypertonic saline resuscitation strategies
have been shown to mitigate the development of inflamma-
tion. When considered in conjunction with the ability of
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small-volume (4 mL/kg) infusion of hypertonic saline, to
restore mean arterial pressure and microvascular perfu-
sion25,26 as well as its proven safety record in patients,27,28

there has been renewed interest in the use of hypertonic saline
solutions, with or without dextran in the management of
patients with hemorrhagic shock.29–31 One critical piece of
information lacking in the translation of these beneficial
effects to the human trauma setting is whether hypertonic
saline/hypertonic saline dextran (HS/HSD) is able to exert
comparable immunologic effects in humans.

The major objective of the present studies was to
investigate the immunomodulatory effects of HSD in patients
sustaining hemorrhagic shock following trauma. Without
altering standards of treatment, patients were randomized to
receive either a single 250-mL bolus of HSD or placebo.
Blood drawn at subsequent time points was evaluated for a
number of cellular and molecular inflammatory markers
known to be altered by shock/resuscitation. We hypothesized
that these markers would be altered in resuscitated trauma
patients, in a manner previously reported in experimental
models. These data were intended to provide “proof of
principle” for larger trials that intended to study clinical
outcomes with this resuscitation regimen.

MATERIALS AND METHODS

Study Population
This prospective, randomized, double-blinded, placebo-

controlled trial of HSD resuscitation for traumatic hemor-
rhagic shock was conducted at Sunnybrook and Women’s
College Health Sciences Centre between April 2001 and
August 2002. Institutional Research Ethics Board approved
the study with provisions for delayed informed consent for
the initial intervention. All patients or their next of kin were
informed of their participation within 24 hours, and permis-
sion was obtained for continued data collection.

Patients were eligible for inclusion in the study if they
sustained blunt trauma, were 16 years of age or older, had at
least one recorded episode of hypotension (systolic blood
pressure �90 mm Hg) with clear evidence of blood loss
(external or internal including thorax, abdomen, or retroperi-
toneum). Patients were excluded if they refused to participate,
were admitted �6 hours after injury, were without vital signs,
pregnant, or had stigmata of chronic disease.

Upon arrival in the Emergency Department, eligible
patients randomly received a single 250-mL intravenous
bolus of either HSD (7.5% NaCl, 6% dextran-70) or placebo
(0.9% NaCl) from identical unidentified bags. Since there is
little evidence demonstrating the superiority of either HS or
HSD, we opted for HSD because dextran prolongs the plasma
volume expansion effect of HS and would allow comparison
with earlier clinical trials in trauma. Resuscitation protocol
otherwise adhered to the Advanced Trauma Life Support
guidelines. The crystalloid solutions used during the first 24
hours were normal saline (0.9% NaCl) and Ringers’ Lactate.
Patients were followed until hospital discharge or death.

Clinical Parameters
Baseline data collected included: age, gender, injury

severity score (ISS), mechanism of injury, time from injury to
hospital admission, time in the trauma room, lowest blood
pressure and heart rate in the trauma room, total amount of
fluids and blood administered for resuscitation within the first
24 hours, length of hospital stay, length of ICU stay, number
of ventilated days, all surgical interventions, organ dysfunc-
tion as measured by �MOD score and pneumonia (defined as
any 3 of the following: fever, leukocytosis, radiologic infil-
trate, and sputum culture). Additional laboratory data col-
lected prospectively included complete blood count, serum
sodium, osmolality, chloride, potassium, creatinine, lactate,
bicarbonate, PT/PTT, and INR.

Antibodies, Reagents, and Solutions
The following antihuman monoclonal antibodies (mAbs)

were purchased from Becton Dickinson Biosciences (BD, San
Jose, CA): CD16–fluorescein isothiocyanate (FITC), CD45–
peridinin chlorophyll protein (PerCP), CD14–allophycocyanin
(APC), CD11b–FITC, CD62L–phycoerythrin (PE), IL-1-PE,
IL-1ra-PE, IL-10-PE and TNF-�-PE. Lipopolysaccharide (LPS;
Escherichia coli 055:B5), paraformaldehyde, and brefelden A
(BFA) were purchased from Sigma Chemical Co (St. Louis,
MO). Tissue culture reagents were purchased from GibcoBRL/
Life Technologies (Grand Island, NY). Hypertonic saline plus
dextran (7.5% NaCl in 6% dextran-70) was prepared by the
hospital’s pharmacy. Normal saline (0.9% NaCl) from Baxter
was used as placebo.

Blood Collection and Stimulation Conditions
Blood samples (15 mL) were collected before infusion,

and again at 1, 3, 6, and 24 hours after the intervention in
EDTA and sodium heparin sterile glass Vacutainers (BD,
Franklin Lakes, NJ). Whole blood aliquots (2 mL) were
treated with the Golgi transport inhibitor BFA at a final
concentration of 10 �g/mL and used to determine unstimu-
lated (reflecting spontaneous in vivo monocyte activation)
and endotoxin-stimulated (LPS, 1 �g/mL) intracellular cyto-
kine expression. Non-BFA-treated blood was processed in
parallel for determination of unstimulated and endotoxin-
stimulated cellular adhesion molecule expression. All sam-
ples were cultured for 22 hours at 37°C in a 5% CO2
humidified atmosphere.

Cell Surface and Intracellular
Immunofluorescence Staining

Surface adhesion molecules were detected by staining
whole blood with anti-CD11b-FITC and CD62L-PE mAbs.
To identify neutrophils and monocyte subsets, samples were
further stained with anti-CD45-FITC and CD14-APC mAbs.
Class-matched isotype immunoglobulin negative control mAbs
were added simultaneously to separate tubes for all samples
to detect nonspecific binding. Samples were then treated with
FACS Lysing Solution (BD) and centrifuged. The superna-
tant was washed with CellWASH (BD) and cell pellets
resuspended in paraformaldehyde. Thereafter, specimens for
intracellular cytokine detection were further treated with
FACS Permeabilizing Solution (BD) and incubated with
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corresponding antihuman-cytokine mAbs. After incubation,
cells were washed, resuspended in paraformaldehyde, and
analyzed by flow cytometry.

Flow Cytometric Analysis
Stained cell suspensions were acquired on a dual-laser

FACSCalibur flow cytometer (BD Biosciences) calibrated for
4-color analysis. An electronic acquisition gate was set on
neutrophils and total monocytes according to regionalization
on the basis of anti-CD45/CD14 fluorescence emission char-
acteristics using bivariate dotplots in CellQuest Pro software
(BD). Further sequential gating was used to identify 2 major
subpopulations of monocytes on the basis of their coexpres-
sion of CD16 and CD14. Typically, �5,000 CD14� mono-
cyte-gated events were acquired for assessment of intracel-
lular cytokines and cellular adhesion molecule expression.
Relative mean fluorescence intensities (MFI) of the sample
antigen fluorescence minus the MFI of the isotype control, in
arbitrary units scaled from 0 to 10,000 of selected adhesion
molecules or intracellular cytokines in unstimulated and LPS-
stimulated cultures, were quantified using fluorescence histo-
gram data. Analysis gates and quadrant markers were set to
define positive and negative populations according to the
nonspecific staining of isotype-matched negative controls.
Instrument fluorescence intensity calibration was standard-
ized for each cytometer run using CaliBRITE beads and
AutoCOMP software (BD). Absolute cell counts were ob-
tained by multiplying the corresponding percentages of cells
derived from FACS analysis by total leukocyte counts ob-
tained from a hematology analyzer (Coulter Electronics,
Hialeah, FL).

Circulating Hormone and Adhesion Molecule
Analysis

Specimens for catecholamine �epinephrine (Epi) and
norepinephrine (NE)� analysis were drawn into EDTA and
reduced glutathione vacuum tubes (Amersham, Arlington
Heights, IL). Plasma was separated by centrifugation (3000g,
15 minutes) and the supernatant frozen at �80°C until assay.
Circulating unbound catecholamine concentrations were quan-
tified by gas chromatography-mass spectrometry (GC-MS).
Plasma cortisol and DHEA were measured by IMMULITE
automated, solid phase chemiluminescent enzyme immuno-
metric analyzer (Diagnostic Products Corporation, Los An-
geles, CA). Soluble CD62L was measured using a sandwich
ELISA kit according to the manufacturer’s instructions
(Bender MedSystems, Burlingame, CA).

Statistical Analysis
Serial changes in cellular adhesion molecules, intra-

cellular cytokines, and hormones were evaluated by 2-way
analysis of variance for repeated measures. To isolate specific
group and time differences among treatment means, we used
the Newman-Keuls post hoc multiple comparison test
with Huynh-Feldt correction for multiple comparisons. Data
within the groups were compared at each data point by a
factorial analysis of variance and Scheffé multiple compari-
son test. �2 test was used for intergroup comparisons of
baseline characteristics. Data are expressed as mean � stan-

dard error with a 0.05 significance level. Estimation of
sample size was based on previous experimental studies
where neutrophil exposure to HS consistently altered some
of the parameters we propose to investigate (CD62L and
CD11b) in all animals and isolated cell assays tested.12,13,15,16

We hypothesize that a similar effect and magnitude would be
present in trauma patients and estimated that 10 patients per
group would provide sufficient power.

TABLE 1. Baseline Characteristics and Outcomes of the
Study Patients (mean SD)

Control
(n � 14)

HSD
(n � 10) P

Age (yr) 47.5 (15.9) 49.3 (16.7) 0.75

Gender, male �no. (%)� 9 (64) 7 (70) 0.76

Injury Severity Score 25.9 (10.3) 26.3 (11.4) 0.83

Mechanism injury

MVA �no. (%)� 9 (65) 8 (80)

Fall �no. (%)� 1 (7) 2 (20)

Other �no. (%)� 4 (28) 0 (0)

Closed head injury (%) 10 (71) 7 (70) 0.76

Transferred from other
institution �no. (%)�

5 (36) 7 (70) 0.09

Time (minutes)

Pre-hospital, from trauma to
Sunnybrook ER

110.5 (66.9) 172.4 (82.9) 0.49

Emergency Room 114.6 (53.5) 164.5 (95.7) 0.24

Crystalloid (mL)

Pre-hospital 835 (855) 2144 (1343) 0.048*

Emergency room 4542 (2758) 3689 (1865) 0.28

Total first 24 hr 8080 (2736) 7796 (3189) 0.75

Blood (units)

Pre-hospital 0.5 (1.16) 1.22 (1.7) 0.27

Emergency room 1.56 1.5 0.62

Total first 24 hr 4.36 (6.77) 2.2 (2.9) 0.38

Colloids: total first 24 hr (mL) 696 (773) 361 (377) 0.02*

Lowest systolic blood pressure
in emergency room

90 (22.7) 80 (15.6) 0.31

Highest heart rate in emergency
room

114 (17.1) 110 (12.6) 0.29

Initial serum lactate (mmol/L) 3.7 (1.5) 2.7 (1.2) 0.06

LOS (days)

Total hospital stay 27.4 (11.7) 36.9 (43.7) 0.048*

Intensive Care Unit stay 8 (8.2) 7.9 (6.8) 0.3

Patients operated first 24 hr
�no. (%)�

10 (71.4) 6 (60) 0.55

No. of surgical procedures per
patient

2.6 (2) 2.2 (2) 0.21

Complications

Mechanical ventilation time
(days)

5.3 (6.2) 4.3 (7.2) 0.91

Pneumonia (no. of patients) 1.43 (0.51) 1.3 (0.48) 0.22

�MOD score 1.9 (4) 1.68 (2.4) 0.16

Death 2 (14.3) 0 0.21

*Significantly different from control (P � 0.05).
SD indicates standard deviation; HSD, hypertonic saline-dextran; MVA, motor

vehicle accident; ER, Emergency Room; �MOD, delta multiple organ dysfunction.
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RESULTS

Clinical Outcome
Twenty-seven patients were entered into the trial and

received an initial infusion. Two were subsequently ex-
cluded from the analysis for failing to meet inclusion
criteria, and one other refused to participate in the study.
The HSD group included 10 patients and the control
group 14.

Both groups had similar characteristics, including
demographics and physiologic parameters upon enroll-
ment, injury severity, type of trauma, and preadmission
interventions (Table 1). Some differences were noted with
respect to fluid use between the 2 groups. Patients random-
ized to HSD received more crystalloid before arriving in
the trauma room but received less crystalloid while in the
Emergency Room and about half the amount of blood and
colloids during the initial 24 hours (Table 1). This may
reflect the longer prehospital time and greater likelihood of
referrals from other hospitals in the HSD group (not
statistically significant).

All patients were admitted to the ICU with similar
length of stay and number of operative interventions.
MOD and pneumonia affected both groups equally and
ventilation times, despite being 24 hours shorter in the
HSD group, did not statistically differ from control. Two

control patients died, shortening the group’s mean hospital
stay and accounting for the longer in-hospital stay ob-
served in the HSD group compared with control patients
(P � 0.05). No patients received vasopressors or inotropes
throughout the 24-hour study period.

Blood Chemistry and Osmolality
HSD resuscitation caused a modest and transient increase

in both serum sodium and osmolality, which normalized by 24
hours (Table 2). No differences in serum chloride, potassium,
creatinine, lactate, bicarbonate, PT/PTT, and INR were detected
between the 2 groups. HSD did not affect blood typing or
cross-matching.

Total Leukocyte Counts
Hemorrhage/resuscitation induced a significant overall

leukocytosis in all patients as evidenced by elevated baseline
cell counts (Table 3). The increase in white cells was mainly
due to a marked granulocytosis. All patients experienced a
drop in total leukocyte and neutrophil counts postresuscita-
tion as compared with baseline. Although there were no
significant differences in cell counts between treatment
groups, it is notable that HSD reduced the magnitude of
postresuscitation lymphopenia as compared with the control
group. This finding is in accordance with previous experi-

TABLE 2. Changes in Serum Sodium and Osmolality at Baseline and After Resuscitation

Sample Time

Baseline 1 hr 3 hr 6 hr 24 hr

Sodium (mmol/L)

Control 141.0 � 3.5 139.2 � 5.7 139.0 � 4.6 140.2 � 4.9 140.0 � 4.2

HSD 141.1 � 3.4 146.7 � 2.8*† 145.5 � 4.3*† 146.1 � 3.8*† 144.0 � 3.9

Osmolality (mosmol/kg)

Control 297.6 � 8.1 299.0 � 2.8 299.3 � 4.2 288.5 � 5.7 288.7 � 1.2

HSD 298.3 � 7.8 304.1 � 11.3 310.5 � 2.1*† 309.0 � 1.4*† 289.8 � 5.1

*P � 0.05, significantly different from baseline over time.
†P � 0.05, significantly different from control.
HSD indicates hypertonic saline dextran.

TABLE 3. Leukocyte, Granulocyte, and Lymphocyte Counts at Baseline and Post-
Resuscitation

Counts (�109/L)

Sample Time

Baseline 1 hr 3 hr 6 hr 24 hr

Leukocytes

Control 14.75 � 0.92 14.41 � 1.82 12.51 � 1.56* 10.87 � 1.07* 11.08 � 0.84*

HSD 13.09 � 0.96 14.41 � 1.82 12.26 � 0.89* 10.83 � 0.67* 9.55 � 0.75*

Granulocytes

Control 12.01 � 0.82 12.18 � 1.50 10.15 � 1.34 8.81 � 0.89* 8.46 � 0.83*

HSD 10.92 � 0.80 10.59 � 0.92 10.30 � 0.80 9.12 � 0.65* 7.74 � 0.69*

Lymphocytes

Control 1.75 � 0.26 1.37 � 0.29 0.77 � 0.13* 0.72 � 0.10* 1.35 � 0.22

HSD 1.41 � 0.24 1.12 � 0.14 1.25 � 0.22 1.16 � 0.17 1.07 � 0.14

*P � 0.05, significantly different from baseline.

Rizoli et al Annals of Surgery • Volume 243, Number 1, January 2006

© 2005 Lippincott Williams & Wilkins50



mental models indicating that hypertonicity may influence
lymphocyte mobilization and proliferation.17

Cell Surface and Soluble Adhesion Molecule
Expression

Changes in expression of selected neutrophil adhesion
molecules such as CD11b and CD62L are one measure of
cellular activation following shock/resuscitation. Hemor-
rhage/resuscitation caused a progressive increase in the sur-
face expression of CD11b starting as early as the first mea-
surement at 1 hour and persisting up to 24 hours (Fig. 1A). A
single dose of HSD prevented this shock-induced CD11b
up-regulation observed in the control group. This inhibitory
effect on CD11b expression was sustained below baseline for
the entire 24-hour observation period.

Hemorrhage/resuscitation per se caused no change in
neutrophil CD62L expression (Fig. 1B). In contrast, HSD
caused a progressive reduction in surface CD62L expression,
reaching a nadir at 3 hours and remaining low over the entire
experimental period. These changes in CD62L surface ex-
pression parallel those reported in experimental models
where hypertonic inhibition of neutrophil activation was
linked to reduced MOD.12,32 LPS stimulation elicited typical
changes in both CD11b/CD62L from all patients, attesting to
neutrophil viability and functionality (Fig. 1A, B).

The reduction of CD62L surface expression was paral-
leled by an increase in serum soluble CD62L (Fig. 1C),
suggesting that the reduction in the surface expression was
due to well-characterized shedding mechanisms.

Expression patterns in monocytic CD11b differed
from that observed in neutrophils. Despite an apparent
early rise induced by hemorrhage/resuscitation, monocytic
CD11b expression did not change significantly over time
or between the 2 groups. LPS stimulation again was able to
increase CD11b expression in control cells, but this rise
was significantly less in monocytes from patients treated
with HSD (Fig. 2A).

In contrast, hemorrhage/resuscitation caused no signif-
icant increase in CD62L expression until late, 24 hours. HSD
resuscitation not only reduced CD62L expression throughout
the study period but also abolished its late increase in expres-
sion (Fig. 2B). LPS stimulation elicited a significant loss of
surface CD62L that was of similar magnitude in both groups.

Blood Monocyte Subset Redistribution
Multiparameter flow cytometry was used to measure

the differential pattern of “classic” (CD14��CD16�) and
“pro-inflammatory” (CD14�CD16�) monocyte subset redis-
tribution in response to HSD. The absolute monocyte counts
and relative subset distributions are summarized in Table 4.
The classic CD14�� subset comprised the majority of circu-

FIGURE 1. Neutrophil cell-surface and soluble adhesion mol-
ecule expression. HSD (7.5% NaCl, 6% Dextran-70) signifi-
cantly decreased neutrophil surface expression of the adhe-
sion molecules CD11b (A) and CD62L (B) on unstimulated
(F, control; E, HSD) and LPS-stimulated (■ , control; �,
HSD) cells up to 24 hours. Data are expressed as percentage

change in mean fluorescence intensity (�MFI) compared
with baseline conditions (set at 100%). C, HSD caused an
increase in the soluble form of CD62L that paralleled its re-
duction on the neutrophil surface. Serum concentrations
(ng/mL) were measured by ELISA. Significant differences:
*P � 0.05 versus baseline values within a treatment group;
†P � 0.05 versus time-matched control values.
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lating monocytes in both HSD and control groups at baseline.
Interestingly, the percentage and number of CD14�� mono-
cytes dropped significantly in the control group, while in

patients receiving HSD the proportion of these cells increased
modestly.

The effect of HSD on monocyte redistribution was even
more pronounced for the pro-inflammatory CD14�CD16�

subset. While hemorrhage/resuscitation caused a significant
expansion of CD14�CD16� cells up to 24 hours in control
patients, HSD markedly reduced this subset over the same
time course (Table 4). Opposing alterations in CD14�� and
CD14�CD16� monocyte subsets were reflected by changes
in the monocyte subset ratio, which showed a progressive
increase (32% to 57%) in control patients and a decrease
(29% to 19%) in HSD resuscitated patients (Table 4).

These results demonstrate that while hemorrhage/resus-
citation causes selective expansion of pro-inflammatory
CD14�CD16� monocyte phenotype in the peripheral blood,
a single dose of HSD elicits less monocyte redistribution,
with a bias toward selective depletion of the pro-inflamma-
tory CD14�CD16� subpopulation.

Monocytic Intracellular Cytokine Expression
Next we assessed the impact of HSD on spontaneous

and LPS-stimulated intracellular expression of pro-(TNF-�,
IL-1�) and anti-inflammatory (IL-1ra, IL-10) cytokines in
classic and pro-inflammatory monocyte subsets (Fig. 3).
Compared with conventional circulating cytokine assay
methods, flow cytometric intracellular cytokine detection
offers the unique advantages of whole blood analysis, which
does not require cellular purification or isolation, allowing
detection at a single cell level rather than bulk cytokine
release.33 Changes in monocytic intracellular cytokine pro-
duction were expressed as MFI values (amount of cytokine
per positive cell), presented in Figure 3.

TNF-� expression by unstimulated CD14� monocytes
increased significantly over time after hemorrhage/resuscitation
(Fig. 3B, solid line). The percentage of TNF-�-positive mono-
cytes more than doubled, whereas the MFI increased by almost
20% above baseline values by 24 hours postresuscitation. In
contrast, the increased expression of TNF-� was prevented in
cells from patients receiving HSD (Fig. 3B, solid line).

Further detailed analysis revealed that, although both
CD14�� and CD14�CD16� subsets expressed TNF-� (Fig.
3A, B), the expanded pro-inflammatory CD14�CD16� sub-
set was primarily responsible for both spontaneous and LPS-
induced up-regulation of TNF-� production following hem-
orrhage/resuscitation. Moreover, HSD specifically inhibited
TNF-� production capacity of CD14�CD16� pro-inflamma-
tory monocytes (Fig. 3B). Similar results were observed in
LPS-stimulated monocytes (Fig. 3A, B, dotted lines).

There was no statistical difference in the spontaneous
or LPS-stimulated expression of IL-1�, although we found a
trend toward lower expression of this cytokine in patients that
received HSD (data not shown). These results demonstrate
that HSD effectively inhibits both the spontaneous and stim-
ulated capacity of pro-inflammatory monocytes to produce
TNF-� in response to hemorrhage/resuscitation.

One potential mechanism contributing to the anti-in-
flammatory effects of HSD is its ability to induce counterin-
flammatory cytokines. To determine the effect of HSD on the
ability of monocytes to promote a counterinflammatory re-

FIGURE 2. Monocyte cell-surface adhesion molecule expres-
sion. HSD (7.5% NaCl, 6% Dextran-70) significantly altered
monocyte surface expression of CD11b (A) and CD62L (B)
on unstimulated (F, control; E, HSD) and LPS-stimulated
(■ , control; �, HSD) cells up to 24 hours. Data are ex-
pressed as percentage change in mean fluorescence intensity
(�MFI) compared with baseline conditions (set at 100%).
Significant differences: *P � 0.05 versus baseline values
within a treatment group; †P � 0.05 versus time-matched
control values.
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sponse, we measured spontaneous and LPS-induced intracel-
lular expression of the anti-inflammatory cytokines IL-10 and
IL-1ra (Fig. 3C–F). In contrast to the early stimulating effect
exerted on pro-inflammatory TNF-� production, hemorrhage/
resuscitation had no significant influence on either anti-
inflammatory cytokine during the first 6 hours postresuscita-
tion (Fig. 3C, D solid lines). A single dose of HSD, however,
led to an early and sustained increase in IL-10 and IL-1ra
production (Fig. 3C, E). HSD more than doubled the percent-
age of spontaneously IL-10-positive CD14� monocytes by 1
hour, which remained significantly elevated for 24 hours.
This response was closely matched by a corresponding in-
crease in both IL-10 and IL-1ra MFI values. Monocyte subset
analysis traced the IL-10 production exclusively to the
CD14�� subset, a response further potentiated by endotoxin
stimulation (Fig. 3C). This confirms an inability of
CD14�CD16� monocytes to produce IL-10.34 IL-1ra expres-
sion was observed in both CD14�� and CD14�CD16�

monocytes (Fig. 3E, F, solid lines). Similar results were
observed in LPS-stimulated neutrophils (Fig. 3C–F, dotted
lines).

Hormonal Responses
Alterations in the hormonal milieu following shock/

resuscitation may influence the immune response.35 Hemor-
rhage/resuscitation elicited a significant rise in circulating
NE, and a steady decrease in Epi compared with levels
measured at admission (Fig. 4). HSD completely prevented
the NE variations elicited by hemorrhage/resuscitation and
NE levels were significantly lower than control at 3 and 6
hours (Fig. 4A). HSD caused no significant change in Epi
circulating levels compared with control (Fig. 4B). Circulat-

ing concentrations of the adrenal steroids DHEA and cortisol
did not change significantly over time or between treatment
groups, with the exception of a modest decrease in cortisol
levels in both groups at 24 hours (data not shown).

DISCUSSION
The present studies are the first to investigate the effects

of supplemental treatment with a single bolus of HSD on
immune parameters in patients with hemorrhagic shock fol-
lowing trauma. Until now, human studies on the immuno-
logic effects of hypertonic saline have been limited to elective
surgical patients30 and healthy volunteers.36 Kolsen-Petersen
et al found that no significant changes in multiple immune
indices following HS administration to women undergoing
abdominal hysterectomy.30 Angle et al similarly reported
modest alterations in immune function when HS was given to
normal human volunteers.36 The mechanisms responsible for
the difference between our study and those previously re-
ported are not clear. It might relate to the fact that the effects
of hypertonicity are more pronounced when coupled with a
second inflammatory stimulus such as hemorrhage/resuscita-
tion. In this regard, Oreopoulos et al reported that the effect
of HS on liver cytokine expression was only observed when
given in combination with liver ischemia/reperfusion.21

Given the multiple effects of ischemia/reperfusion on cell
signaling cascades, these studies suggest future investigation
of interactions between the effects of ischemia/reperfusion
and those induced by hypertonicity. Another possible expla-
nation is that the properties of HS are only evident in the
presence of an intense inflammatory response that might be
not present in healthy volunteers and patients with a minor

TABLE 4. Whole Blood Monocyte Counts and Subset Distribution by Resuscitation Group

Patient Group

Absolute Cell Counts (�109/L) and Relative Proportions (%)

Total
Leukocytes

(counts)

Total CD14� Monocytes CD14��CD16� Subset CD14�CD16� Subset
Monocyte

Subset Ratio
(%)Counts

%
Leukocytes Counts

%
Monocytes Counts

%
Monocytes

Control
(n � 10)

Baseline 14.75 � 0.92 0.56 � 0.11 3.79 � 0.44 0.40 � 0.10 77.12 � 7.40 0.13 � 0.03 24.89 � 5.29 32.24 � 5.22

1 hr 14.41 � 1.82 0.58 � 0.12 3.72 � 0.43 0.41 � 0.09 72.27 � 1.60 0.16 � 0.01 28.25 � 3.26 39.10 � 4.20

3 hr 12.51 � 1.56* 0.57 � 0.09 4.86 � 0.75 0.37 � 0.07 67.42 � 4.14* 0.18 � 0.01* 31.50 � 3.75* 46.66 � 1.44*

6 hr 10.87 � 1.07* 0.50 � 0.08 4.87 � 0.64 0.31 � 0.08* 62.48 � 5.12* 0.17 � 0.02* 34.62 � 4.17* 55.71 � 6.54*

24 hr 11.08 � 0.84* 0.58 � 0.13 5.28 � 1.13* 0.33 � 0.10* 61.15 � 3.35* 0.20 � 0.01* 35.11 � 4.69* 57.32 � 5.71*

Hypertonic saline
(n � 10)

Baseline 13.09 � 0.96 0.50 � 0.06 3.86 � 0.57 0.39 � 0.05 79.54 � 2.24 0.11 � 0.04 22.32 � 2.24 29.23 � 3.23

1 hr 12.50 � 1.07 0.46 � 0.05 3.00 � 0.56 0.37 � 0.04 84.53 � 1.55† 0.10 � 0.02 18.02 � 1.63 21.33 � 6.49

3 hr 12.26 � 0.89* 0.42 � 0.06 3.48 � 0.56† 0.36 � 0.09 85.22 � 2.29*† 0.06 � 0.02† 14.56 � 2.28*† 17.13 � 1.24*†

6 hr 10.83 � 0.67* 0.42 � 0.04 3.99 � 0.46† 0.35 � 0.03† 82.76 � 3.10† 0.07 � 0.01† 17.18 � 3.09*† 20.04 � 2.86*†

24 hr 9.55 � 0.75* 0.44 � 0.07 4.62 � 0.65*† 0.40 � 0.02† 83.48 � 7.3† 0.07 � 0.01† 16.39 � 5.74*† 19.52 � 4.14*†

Whole blood samples were stained simultaneously with anti-CD14 and anti-CD16 antibodies and the subsets determined by flow cytometry. Absolute monocyte counts were
obtained by automated leukocyte count. Results are expressed as mean � SE. Comparisons were done by repeated-measures ANOVA. Monocyte subset ratio calculated as
�(%CD14�CD16�/%CD14��CD16�) 	 100�.

*P � 0.05, significantly different from baseline over time.
†P � 0.05, significantly different from control.
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surgical insult. Thus, severely traumatized patients would
likely benefit the most from hypertonic saline therapy and
should be the focus of future studies on the potential benefits
of hypertonicity in attenuating MOD.

This trial was neither designed nor powered to identify
any possible benefit in terms of reducing MOD and sepsis.
Although we did not find a significant reduction in ventilator
time, there was a suggestion that it was shorter after HSD.

The literature suggests that the organ-protective effects of
hypertonicity are most evident in the lungs. In rodent models,
work from several groups, including our own, showed that
hypertonic saline mitigated the histologic, cellular, and other
markers of acute lung injury.12,14,21,37 Despite no human trial
ever been specifically designed to measure them, many have
documented similar protective effects on post-trauma lung
dysfunction. For example, Simmas et al found that children

FIGURE 3. Monocyte intracellular
cytokine expression. HSD (7.5%
NaCl, 6% Dextran-70) significantly
inhibited tumor necrosis factor
(TNF)-� (A, B) but enhanced IL-10
(C, D) and IL-1ra (E, F) production
in unstimulated (F, control; E,
HSD) and LPS-stimulated (■ , con-
trol; �, HSD) “classic”
(CD14��CD16�) and “pro-inflam-
matory” (CD14�CD16�) monocyte
subsets, respectively. Intracellular
cytokines were detected by flow
cytometry. Data are expressed as
percentage change in mean fluo-
rescence intensity (�MFI) com-
pared with baseline conditions (set
at 100%). Significant differences:
*P � 0.05 versus baseline values
within a treatment group; †P �
0.05 versus time-matched control
values.
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with severe head injury treated with HS had significantly less
acute respiratory distress syndrome than controls,31 whereas
Mattox et al reported less pneumonia among trauma patients
resuscitated with HS.38

Neutrophils are implicated as key players in the patho-
genesis of endothelial cell and tissue injury provoked by
hemorrhagic shock, in particular post-traumatic acute lung
injury.39 Hypertonic saline-induced inhibition of neutrophil
activation and adhesion has been proposed as the main
mechanism for its lung-protective properties.14 In experimen-
tal models of hemorrhagic shock, one of the best established
immunomodulatory effects of hypertonicity is its capacity to
down-regulate CD62L/CD11b expression and prevent neu-
trophil-mediated organ damage.4,12,13,15,16 A major finding of
the present study was that HSD significantly inhibited neu-
trophil activation, as measured by cell surface expression of
CD62L/CD11b and soluble CD62L. This strongly suggests

that HSD resuscitation may help prevent organ injury by
reducing unbalanced neutrophil-endothelial interactions and
transmigration into tissues such as the lungs.

Our findings also reveal that HSD blunts CD62L/CD11b
expression on circulating monocytes. Given the pivotal role of
monocytes as nonspecific effector cells, secreting cytokines, and
regulating inflammation, this finding further suggests that HSD
may help avert widespread tissue injury via its capacity to limit
monocyte activation. This idea is supported by studies of trauma
patients showing that acute up-regulation of monocytic CD62L
and CD11b after injury is related to the development of post-
traumatic organ failure.40,41

An important finding of the present study was that HSD
differentially modulates the post-traumatic mobilization and
cytokine production of functionally heterogeneous monocyte
subsets. Human monocytes comprise various subpopulations
with distinct phenotypic and functional properties.42 The
main population of “classic” monocytes is strongly CD14-
positive but CD16 negative (CD14�� subset). A smaller
subset (�10% in healthy individuals) is weakly CD14-posi-
tive but coexpresses CD16 (CD14�CD16� subset).43 These
so-called “pro-inflammatory” monocytes readily express
TNF-� but fail to produce significant amounts of IL-10.34

Indeed, they are likened to a “circulating macrophage,” which
is selectively mobilized (via �-adrenergic mechanisms) from
the marginal pool during stress.44

We found that while hemorrhage/resuscitation pro-
voked a drop in classic CD14�� monocytes and expansion of
the pro-inflammatory CD14�CD16� subset (ie, an exagger-
ated inflammatory response), HSD caused an expansion of
CD14�� monocytes and reduction of the CD14�CD16�

subset. This is in accordance with studies showing significant
post-traumatic phenotypic alterations in circulating mono-
cytes.35,45,46 Considerable expansion of the CD14�CD16�

subset has been reported in patients with systemic inflamma-
tion and sepsis.47 This finding could have further relevance to
acute lung injury, since under inflammatory conditions, up to
70% of alveolar macrophages are derived from circulating
CD14�CD16� monocytes.48

Changes in the pattern of monocyte subset redistribu-
tion were paralleled by shifts in monocytic cytokine produc-
tion profiles. HSD increased the production of anti-inflam-
matory IL-10 and IL-1ra by the CD14�� subset, and at the
same time dramatically reduced intracellular TNF-� produc-
tion by the pro-inflammatory CD14�CD16� subset. This is
consistent with studies demonstrating that the minor popula-
tion of CD14�CD16� monocytes have an enhanced capacity
for TNF-� generation49 but fail to produce significant
amounts of IL-10.34 Our findings also support clinical studies
showing increased TNF-� mRNA transcription and serum
concentrations immediately following trauma and hemor-
rhage.50,51

To our knowledge, no other reports or studies directly
evaluated the effects of HSD on cytokine production in
trauma patients, but experimental data corroborate our find-
ings. Using microarray cDNA analysis, Gushchin et al found
that hypertonicity modulates cytokine gene transcription, ef-
fectively inhibiting TNF-� expression by organs and human

FIGURE 4. Circulating catecholamine concentrations. HSD
significantly blunted the rise in circulating norepinephrine
concentration (NE; A) compared with control, without alter-
ing epinephrine concentrations (Epi; B). Plasma concentra-
tions (mean � SE, pg/mL) were measured in control (E) and
HSD (■ ) groups by mass spectroscopy. Significant differ-
ences: *P � 0.05 versus baseline values within a treatment
group; †P � 0.05 versus time-matched control values.
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leukocytes after hemorrhage/resuscitation.19 Animal studies
using a 2-hit model of shock/resuscitation reported that hy-
pertonic preconditioning inhibits TNF-� generation and up-
regulates IL-10 production by isolated alveolar and peritoneal
macrophages as well as hepatic tissue.20–22

Another interesting finding of the present study is the
suggestion that HSD anti-inflammatory actions may be linked
to cross-talk between cytokines and neuroendocrine hor-
mones. We found that HSD prevented the post-traumatic
surge of NE, consistent with reports that HSD attenuates
sympathetic hormone secretion after hemorrhage.23,24 It is
particularly relevant since catecholamines are recognized
as key regulators of cytokine production.52 Maddali et al
showed that trauma-induced elevations in catecholamines
mediate monocyte/macrophage inflammatory cytokine pro-
duction.35 The immunomodulatory effects of catecholamines
on monocytes are mediated via �- and �-adrenoreceptors
coupled to intracellular cAMP. NE-induced �-adrenergic
stimulation reduces cAMP, inhibiting TNF-�, but enhances
IL-10 production.52 Thus, it can be postulated that HSD’s
differential cytokine induction capacity may be, at least
partly, due to down-regulation of �-adrenergic signaling.
This concept is supported by findings that hypertonicity
triggers rapid cAMP accumulation in human leukocytes,
which suppresses their inflammatory activity.53 Further stud-
ies are needed to fully elucidate the mechanisms of hyperto-
nicity-induced sympathetic cytokine regulation.

Our results indicate HSD has the capacity to rapidly
up-regulate counterinflammatory cytokines IL-10 and IL-1ra
that attenuate postinjury hyperinflammatory reactions. The
ability of HSD to quickly reestablish inflammatory cytokine
balance may be the basis for reduced tissue injury and organ
dysfunction observed in experimental models. The beneficial
therapeutic effects of HSD may also derive from its ability to
prevent extensive delayed counter-regulation by reducing the
magnitude of the initial pro-inflammatory response. This idea
is supported by evidence that hypertonic saline reduces the
risk of delayed immunosuppression and septic complications
in animals after hemorrhagic shock by restoring suppressed
lymphocyte function.8,17,37 Interestingly, we also found that
HSD prevented post-trauma lymphopenia, possibly reflecting
less lymphocyte perturbation in these patients. HSD might
also reduce septic complications through rapid restoration of
gut perfusion, thereby preventing further damage to the
enteral barrier and reducing bacterial translocation and asso-
ciated cytokinemia.54

It is reasonable to expect that the earlier HSD is
administered after injury, the greater its subsequent effects.
However, in this trial, we found remarkable immunologic
changes, even though HSD infusion was delayed and patients
were given large amounts of crystalloids, thereby diluting the
hypertonic solution and preventing the large increases in
serum osmolality reported in experimental models. Similar
results, showing that HSD continues to exert its effects a day
after infusion and even following repeated doses, have been
observed in rodent models.15 This observation may facilitate
future trials in that HSD does not necessarily have to be
administered in isolation or immediately after trauma.

There are other interesting observations to be made
from this study. The immunologic effects were still evident
24 hours postresuscitation in HSD-treated patients, despite
relatively modest (up to 10 mmol/L above control) and
transient increases in serum osmolality compared with levels
reported in animal models.12 This unique finding merits
further exploration over a longer observation period. This
trial did not address the possible effects of dextran. Dextran
prolongs HS intravascular fluid expansion effect and has mild
anti-inflammatory properties.25 While current opinion is that
the effects observed by adding dextran to HS are primarily
due to the slightly better and more sustained plasma volume
expansion, dextran’s role remains to be investigated.25

The clinical role of HS has still not been fully investi-
gated. The only recent clinical trial by Cooper et al found that
HS (without dextran) administered to comatose and hypoten-
sive trauma patients resulted in no neurologic improvement
by 6 months.29 Despite not measuring inflammatory param-
eters or reporting MOD, HS patients had a higher survival
(55% versus 47%). Although not statistically significant, this
certainly merits further investigation.29

CONCLUSION
This is the first human trial to demonstrate the anti-

inflammatory and immunologic properties of hypertonic sa-
line plus dextran in trauma patients in hemorrhagic shock.
This study provides evidence that when administered in the
early stages of shock resuscitation, hypertonic saline plus
dextran exerts profound immunomodulatory effects, promot-
ing a more balanced pro- and anti-inflammatory response.
Consistent with experimental models where similar effects
were linked to a reduction in post-traumatic complications,
including multiorgan dysfunction and sepsis, our findings
open the possibility that this may be true in humans as well
and reinforces the need for larger randomized control trials.
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